Tomato plants were grown using a nutrient film technique to evaluate the effects of salinity on the distribution of photosynthates and sucrose-degrading enzymes in fruit in relation to sink strength. From first flower anthesis until harvest of the 2nd truss, saline treatment of sodium chloride added to the standard nutrient solution to an EC of 8.0 dS/m was applied. The average fruit weight in the salinity treatment was 59% of the control at the mature red stage. Total soluble solids (Brix%) were 6.5% in the control and 9.2% in the salinity treatment. The photosynthetic rate per unit leaf area was decreased by salinity treatment. Salinity decreased 13 C assimilation in the whole tomato plant, while it increased the transport and distribution of 13 C assimilates to the fruit significantly. The activities of soluble and cell wall-bound acid invertase were not affected by salinity; however, the activity of sucrose synthase in fruit exposed to the salinity was higher than that in the control during fruit development. We concluded that the increase in total soluble solids in fruit subjected to salinity was not only a result of condensation caused by reduced water uptake, but active transport of photosynthates to the fruit due to increase in sucrosedegrading enzyme activities, especially sucrose synthase.
Introduction
Sugar content is considered to be one of the most important factors in tomato fruit quality and consumer satisfaction (Malundo et al., 1995) . Salinity stress in the root zone is known to improve tomato fruit quality in terms of the content and composition of soluble sugars and acids (Adams, 1991; Adams and Ho, 1989; Cuartero and Fernandez-Munoz, 1999; Ehret and Ho, 1986) . Salinity stress inhibits water uptake by the roots and water influx into fruits due to high osmotic pressure around the root system, resulting in a decrease in fruit size and increase in concentrated quality constituents (Bolarin et al., 2001; Chretien et al., 2000; Ehret and Ho, 1986; Ho et al., 1987; Li et al., 2001; Mavrogianopoulos et al., 2002; Sakamoto et al., 1999) . However, in our previous study, the ratio of sucrose to total sugar content in fruits grown under salinity stress increased more than in the control treatment (Saito et al., 2006a) . Gao et al. (1998) reported that salinity enhanced the transport of assimilates from pulse leaves to adjacent fruits. Their results suggest that the increase in sugar content by salinity may not be simply a result of condensation, but may also be due to changes in sugar metabolism in the fruit and/or sugar translocation into the fruit.
In tomato fruit, sucrose synthase (SuSy; EC 2.4.1.13) and acid invertase (AI; EC 3.2.1.26) catalyzed the primary step of the conversion of sucrose into sink storage products, such as reducing sugar, starch and protein, and could be used as biochemical markers for sink strength following sucrose cleavage (Ho, 1988) . Sucrose hydrolysis by these enzymes has been proposed to influence the rate and extent of sugar storage in fruit by creating a sucrose concentration gradient between the site of phloem unloading and storage cells (Walker et al., 1978) .
SuSy, which converts sucrose into UDP-glucose and fructose, may regulate the hydrolysis of sucrose and thus the rate of dry matter accumulation in the cytoplasm of growing sink cells (Sung et al., 1989 ). An increase in SuSy activity in fruit at the early growth stage is positively related to the relative growth rate of the fruit, and then declines rapidly with fruit enlargement (Demnitz-King et al., 1997; Islam et al., 1996; Robinson et al., 1988; Yelle et al., 1991) .
AI has two components, soluble and cell wall-bound fractions (Sato et al., 1993) . Soluble acid invertase (SAI) activity localized in vacuoles is predominant throughout 91 fruit development, as compared with the cell wall-bound fraction of AI (Islam et al., 1996; Miron and Schaffer, 1991) . SAI is considered to function mainly in the breakdown of sucrose and accumulation of reducing sugars in vacuoles (Demnitz-King et al., 1997; Islam et al., 1996; Yelle et al., 1991) . Cell wall-bound (apoplastic) acid invertase (CWAI) is ionically bound to cell walls (Krishnan et al., 1985) . Sucrose has been proposed to be hydrolyzed by CWAI in the apoplast, and the component hexoses are then taken up through plasma membrane H + /hexose transporters (Brown et al., 1997; Ruan and Patrick, 1995; Ruan et al., 1997) . In tomato fruit, both forms of AI activity increase during development and reach a maximum in overripe fruit (Islam et al., 1996; Manning and Maw, 1975) .
Several reports showed a reducing photosynthetic rate ), increasing total sucrolytic activity (SuSy + AI + Neutral invertase), and sucrose phosphate synthase (SPS) activity (Balibrea et al., 2000; Carvajal et al., 2000) in source leaves under salinity; however, the interaction between carbon translocation and sugar metabolism in fruit under salinity conditions, which would be important to control the quality of tomato fruits, is not clear. Our previous study suggested that salinity treatment and leaving lateral shoots under the truss constitute an effective method for producing high quality tomato fruits in hydroponics (Saito et al., 2006b) , and that salinity treatment may change carbohydrate metabolism in the fruits. The purpose of the present study was to investigate the effects of salinity treatment on the translocation and distribution of photosynthates, and to examine enzyme activities related to carbohydrate metabolism in tomato fruits under a low node-order pinching and dense planting culture system.
Materials and Methods

Plant materials and growing conditions
Experiments 1 and 2 were conducted from May 10 to August 8, 2004 and December 23, 2005 to June 13, 2006 Tomato (Solanum lycopersicum, L. 'House Momotaro'; Takii Co. Ltd., Kyoto, Japan) seeds were sown on moist vermiculite in trays in a greenhouse. When the cotyledons were fully open, the seedlings were transplanted into rockwool cubes (125 cm 3 ; Nittobo Co. Ltd., Tokyo, Japan) and grown in an ebb and flow system. The seedlings were irrigated with Otsuka-A nutrient solution (Otsuka Chemical Co. Ltd., Osaka, Japan) that was set to an electrical conductivity (EC) of 1.2 dS/m and pH 6.5-7.0. After 2 weeks, the seedlings were transplanted into a nutrient film technique (NFT) system in a greenhouse. When the first flower of the first truss in each plant bloomed, each flower was treated with a vibrator and sprayed with 2-methyl-4-chlorophenoxyacetic acid (4-CPA) to promote pollination. All lateral shoots were removed as they appeared and the plants were pinched above the second truss, with two true leaves above the truss. The number of fruits was set to four per truss by pruning. Only fruits harvested from the first truss were used in the following analyses. Otsuka-B nutrient solution (Otsuka Chemical Co. Ltd.), set at an EC of 2.5 dS/m and pH of 6. , and 0.02 ppm Mo + was supplied in all experiments. Air temperature in the greenhouse was adjusted by ventilation, and was maintained at higher than 10°C by heating during winter.
Salinity treatments (Experiments 1 and 2)
In the control treatment, the EC in the standard solution was set at 0.8 dS/m when the seedlings were transplanted, and then gradually increased to 2.5 dS/m when harvesting began. In the salinity treatments, NaCl (approximately 50 mM or 3 g·L 
Fruit quality analysis
Total soluble solid content of fruits was determined using a hand refractometer (N-20E; Atago Co. Ltd., Tokyo, Japan). Titratable acidity of fruits was examined by the titration method. A 10-g fruit sample sliced horizontally was homogenized and centrifuged for 10 min at 10000 rpm. The supernatant was then passed through filter paper and the filtrate was diluted 5-fold with distilled water. That sample was then titrated with 0.1 N NaOH. Titratable acidity was expressed as the citric acid concentration.
Photosynthesis rate measurement
Photosynthesis and respiration rates of fully expanded young leaves just below the first truss were measured at 14 days after anthesis (DAA), between 10:00 and 12:00 am with a LI-6400 portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA). Measurements were made at a photosynthetic photon flux density (PPFD) of 0, 100, 500, 1000 and 2000 μmol·m to obtain the net photosynthesis rate light photosynthesis curve. The measurement was repeated three times.
C feeding treatment
13
C was given to whole plants on 16 DAA, the period thought to highest rate of photosynthate import from leaves to fruits (Ho, 1986) . The whole plant was packed in a polyethylene bag (45 L) and then a beaker containing 30 ml 50% lactic acid and 750 mg Ba 13 CO 3 (99 13 C atom% excess) was put in the bag. The plants were allowed to assimilate the 13 CO 2 emitted from the beaker for 4 h, from 11:00 to 15:00, under natural light conditions in the greenhouse. The plants were harvested T. Saito, N. Fukuda, C. Matsukura and S. Nishimura 92 48 h after 13 CO 2 feeding, and separated into fruits, stem, leaf blades, petioles and roots. The sampled plant parts were dried in an electric oven at 80°C for 48 h and dry matter weights were then measured. The dried samples were ground for measurement of 13 C abundance. Three plants per treatment were analyzed.
C analysis
The concentrations of 13 C in dry matter samples of the tomato plant body were determined with a 13 CO 2 analyzer (JASCO EX-130; JASCO Co. Ltd., Tokyo, Japan).
13
C content in each part was calculated from 13 C concentration and dry matter weight of the sample. 
Enzyme extracts
Samples were collected in five fruit development period: immature green 1 (18 DAA), immature green 2 (26 DAA), mature green (42 DAA), turning color (49 DAA) and red (53 DAA). The samples were stored at −80°C. The procedures were conducted on ice. Enzyme extraction was conducted according to Ito et al. (2002) with slight modifications. A sample of 1 g of frozen fruit tissue was mixed with 1 g insoluble polyvinylpyrrolidone (polyclar AT; SERVA Electrophoresis GmbH, Heidelberg, Germany) and ground in a cooled mortar and pestle in 10 ml 0.2 M K-phosphate buffer (pH 7.0) containing 10 mM ascorbic acid, 20 mM 2-mercaptethanol and 0.1% Triton X-100. The resulting homogenate was filtered through three layers of cotton cloth and centrifuged at 12000 rpm for 15 min. The supernatant was used as the enzyme extract for the SAI assay. For measurements of CWAI and SuSy activity, the pellet was dissolved in 5 ml 0.2 M K-phosphate buffer (pH 7.0) containing 1 M NaCl, 10 mM ascorbic acid, 20 mM 2-mercaptethanol, and 0.1% Triton X-100. The homogenate was centrifuged at 12000 rpm at 4°C for 15 min. The supernatant was dialyzed with 0.01 M Tris-HCl buffer (pH 7.2) containing 20 mM 2-mercaptethanol for 24 h against two changes of the same buffer, and the final solution was used as the crude enzyme for assay. All crude enzyme extracts were individually loaded on a PD-10 column (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) pre-equilibrated with 0.01 mM Tris-HCl buffer (pH 8.0), and used as enzyme extracts.
Assays of enzyme activities
SAI and CWAI activity were assayed at 30°C by the method described by Ito et al. (2002) with some modifications. The reaction mixture consisted of 0.5 ml 120 mM sodium acetate buffer (pH 5.0), 0.25 ml 280 mM sucrose and 0.25 ml enzyme extract. We used distilled water as a blank. Samples were incubated for 30 min at 30°C and terminated by the addition of 1 ml 0.1 M TrisHCl buffer (pH 8.0) and boiling for 1 min. Glucose was assayed with a glucose assay kit (Glucose CII-test, Wako Pure Chemical Industries, Ltd., Osaka, Japan). Enzyme activities were expressed as the increase in glucose content (μmol glucose·min −1 ) per milligram protein. SuSy activity was assayed at 30°C using the method described by Ito et al. (2002) with modifications. The reaction mixture consisted of 20 μl 0.1 M HEPES buffer (pH 8.5), 20 μl 175 mM UDP-glucose, 20 μl 100 mM fructose and 40 μl enzyme extract. As a blank sample, the reaction mixture contained distilled water without sucrose. Samples were incubated for 30 min at 30°C and terminated by boiling for 1 min. Then 100 μl distilled water and 40 μl 1 N KOH solution were added to the sample and boiled for 10 min to destroy the remained fructose. After cooling, 20 μl of the mixture was diluted to 200 μl and reacted with invertase (Sigma-Aldrich Corp., St. Louis, MO, USA). Glucose concentration of the solution was assayed with a glucose assay kit (Glucose CII-test, Wako Pure Chemical Industries, Ltd.). The original sucrose concentration of the mixture was then calculated from the glucose concentration in the reaction mixture, and enzyme activity was expressed as the produced sucrose content (μmol sucrose·min 
Protein assays
The protein concentration of the enzyme extract was determined according to the method of Bradford (1976) using crystalline bovine serum albumin (BSA) as the primary protein standard.
Results
Fruit quality
In both experiments, the tomato fruit fresh weight of salinity-treated plants was lower than that of the control. Fruit fresh weight in salinity treatment was decreased 45% and 41% compared with that in the control in Experiment 1 and 2, respectively ( Table 1) . The difference in fruit fresh weight between treatments became significant from the immature green 2 stage in Experiment 2 (Fig. 1) . In contrast, salinity treatment increased the Brix and titratable acidity of the tomato fruits (Table 1) . In each experiment, Brix was 6.5% and 6.0% in the control, but more than 9.0% in the salinity treatment. The titratable acidity of the fruit was significantly higher in the salinity treatment than in the control treatment in each experiment (Table 1) .
Photosynthesis and assimilate partitioning
The photosynthetic rate of fully expanded young leaves just below the first truss was saturated at a PPFD of 1000 μmol·m −2 ·s −1 in both control and salinity treatments ( Fig. 2A) . Salinity treatment reduced the rate of photosynthesis to 56% of the control treatment, significantly at light saturation. The effect of salinity on the transpiration rate was similar to that of photosynthesis, and decreased to 66% of the control treatment under salinity conditions, significantly (Fig. 2B) .
The dry matter accumulation of tomato plants was influenced by salinity treatment. The dry weight of plants, except fruit, was reduced by salinity treatment (Table 2) , while salinity treatment increased the dry matter content of the whole tomato plant body compared to the control (Table 2 ). In particular, fruit in the salinity treatment had a higher dry matter content, reach approximately 150% that in the control.
In the salinity treatment,
13
C assimilation of the whole plant body was reduced to 4% of the control treatment after 48-h exposure to 13 CO 2 feeding (data not shown); however, the 13 C assimilate content of fruit in salinity treatment was 28% higher than in control treatment (Fig. 3A) . The distribution of assimilates was also affected by salinity treatment. In salinity treatment, the distribution of 13 C assimilates to the roots, leaves and stem decreased compared to the control, while 13 C allocation to fruit was 32% higher than that of the control (Fig. 3B) . Table 1 . Effect of salinity treatment on fresh weight, total soluble solids and titratable acidity of tomato fruit. Table 2 . Effect of salinity treatment on dry weight and dry matter content of tomato plants.
z Mean ± SE (n = 3). 
Activities of CWAI, SAI and SuSy in tomato fruits
The activities of enzymes affecting the hydrolysis of sucrose, that is, soluble acid invertase (SAI), cell wallbound acid invertase (CWAI) and sucrose synthase (SuSy), were measured in tomato fruits during development (Fig. 4) . In both treatments, SAI and CWAI activities were very low until the mature green stage; however, when fruit ripening commenced, the activities of these enzymes was increased, and peaked at the mature red stage of the tomato fruit (Fig. 4A, B) . The activities of these enzymes were unaffected by salinity treatment. In contrast, SuSy activity was highest at the immature stage, and then decreased as the fruits, developmental stage (Fig. 4C) ; salinity significantly increased activity during all developing period.
Discussion
In this study, Experiment 1 and 2 were carried out in different seasons; however, the effects of salinity on fruit fresh weight and total soluble solids were almost the same between each experiment. Therefore, it is thought that the effects of salinity on carbohydrate metabolism in tomato fruit were similar in different seasons.
In the salinity treatment, the dry matter weight of the whole tomato plant body was lower than in the control, and the growth of tomato plants was inhibited, as demonstrated by the low photosynthetic and transpiration rates under saline conditions (Table 2 and Fig. 2) . Romero-Aranda et al. (2001) reported that the photosynthetic rate was decreased under saline conditions, caused by reducing stomatal conductance to maintain water content in the plant body. In the salinity treatment, the dry matter content of fruit increased because of reduced water uptake, which was predominantly due to reduced transpiration. These results agree with the improvement in fruit quality under saline conditions caused by the condensation of dry matter in fruit (Ehret and Ho, 1986; Ho et al., 1987) .
13
CO 2 feeding to the whole plant and net photosynthesis under saline conditions showed a reduction in the assimilation of whole plants due to a drop in photosynthesis; however, in the salinity treatment, the content of 13 C assimilates in fruits increased as the distribution ratio of assimilates to fruits increased. Dry matter partitioning in a fruit is an index for the relative sink strength of the fruit (Ho et al., 1987) . Our results show that salinity treatments increased the sink strength of tomato fruits. The sink strength of a tomato fruit could be determined by the hydrolysis of sucrose by enzymes such as AI and SuSy (Ho, 1988) . In this study, both forms of AI activity in the fruit were not affected by salinity, while SuSy activity increased during fruit development under saline conditions. SuSy activity has been proposed to control the sink strength of tomato fruit (Demnitz-King et al., 1997; N'tchobo et al., 1999) . The role of AI in fruit maturation on sugar storage in the vacuole, rather than on sugar import, has been demonstrated in the sucroseaccumulating wild tomato (Yelle et al., 1991) . DemnitzKing et al. (1997) reported that AI had less effect on sink strength than SuSy.
In our study, SPS activity was not observed because it remains low throughout tomato fruit development (Dali et al., 1992) , even in ripe fruits (Islam et al., 1996) , and is lower in fruits than in leaves (Carvajal et al., 2000) . Balibrea et al. (2000) reported an increase in SPS activity in tomato leaves under salinity that was positively related to assimilate export and plant growth. In Experiment 2, salinity treatment increased SuSy activity, which hydrolyzes sucrose in the fruit. This result was in contrast to the results of our previous study showing that salinity treatment increased the ratio of sucrose to total sugar content in tomato fruit compared to the control treatment (Saito et al., 2006a; Saito et al., 2008) . Carvajal et al. (2000) reported that SPS activity in fruit was increased by salinity treatment. Nguyen-Quoc et al. (1999) suggested that SPS activity may be a limiting step in sucrose synthesis in tomato fruit. Under saline conditions, sucrose hydrolysis by SuSy may be followed by resynthesis of sucrose by SPS in tomato fruit, as in sucrose-accumulating tomato fruit (Dali et al., 1992) ; however, the role of SPS in the resynthesis of sucrose during fruit development is still not clear (Ho, 1996) . Salinity treatment promoted the transport of assimilates from source organs to fruit (sink), but with a reduced rate of photosynthesis. A reduction in assimilation is considered to be a controlling step in photoassimilate translocation into fruit under salinity stress. In our previous study, leaving lateral shoots under the truss as a complementary source organ increased the soluble solids content of tomato fruit under saline conditions (Saito et al., 2006b) . Under these conditions, leaving lateral shoots under the truss may compensate for the reduction in carbohydrate assimilation caused by decreased photosynthesis and may increase the transport of assimilates to fruits, thus enhancing sink strength.
In summary, the increase in total soluble solids in fruit with salinity treatment was the result of not only condensation due to reduced water uptake, but also the active import to the fruit from increasing hydrolysis reactions of sucrose, especially by SuSy. We suggest that the high content of sugar in the fruit as a result of active phloem unloading under saline conditions plays an important role in osmotic adjustment and acts as a compatible solute (Greenway and Munns, 1980 ) similar to proline (Delauney and Verma, 1993) and betaine (Hanson and Wyse, 1982) .
